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Abstract 
A basin-scale model of geologic carbon sequestration (GCS) in the basal sandstone of the Illinois Basin is being developed.  This 
generation of the GCS model includes a new temperature profile, new brine salinity data, a new injection wellfield design, and 
revised geologic data.  Modeling results indicate that 100 million tonnes of CO2 per year for 50 years can be injected into the 
sandstone and permanently stored.  Approximately 5,000 years after injection, the injected CO2 has not reached the caprock, but 
remains in the Mt. Simon Sandstone with 29% as mobile CO2, 56% trapped via residual trapping, and 15% dissolved in the brine. 
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ΔP change in pressure as a function of time 
CO2 carbon dioxide 
GCS  geologic carbon sequestration  
IBDP  Illinois Basin – Decatur Project 
P0  capillary entry pressure 
Pmax maximum capillary pressure  
scCO2 supercritical CO2 
Sgr  gas residual saturation 
Slr  liquid residual saturation 
Sls  liquid saturation 
TDS  total dissolved solids 
 
 
1. Introduction 
Geologic carbon sequestration (GCS) offers a viable solution to mitigate climate change by removing carbon dioxide 
(CO2) from the atmosphere and permanently storing it in the subsurface.  Saline reservoirs have been identified as 
significant reservoirs for GCS in North America and account for nearly 90% of the CO2 storage resource in North 
America [1]. Numerical modeling of GCS in these reservoirs should be conducted to guide efficient development of 
these reservoirs and to understand potential consequences of their development.  Some issues that can be addressed 
with modeling include determining the quantity of CO2 that can be safely injected and permanently stored, the effect 
of the reservoir geology, and the number and distribution of the CO2 injection wells. 
  
The Illinois Basin is a major geologic basin in the north-central United States.  It covers an area roughly 700 km from 
north to south and 300 km east to west.  The basin dips to the south and is filled with 450 to 7,000 m of Paleozoic 
rocks [2].  The Mount Simon Sandstone (Mt. Simon) is the basal sandstone reservoir in the Illinois Basin.  The Mt. 
Simon is generally at least 150 m thick in areas favorable for GCS, but its thickness exceeds 790 m in its depocenter 
[3].  The Mt. Simon is estimated to have 11 to 150 billion metric tons storage resource, which is sufficient to store 
between 38 to 515 years of current CO2 emissions from the basin’s major stationary sources [1].  
 
A basin-scale, two-phase flow model of GCS in the Illinois Basin is being developed using TOUGH2-MP/ECO2N 
[4,5].  By using TOUGH2-MP/ECO2N, we assume that geochemical trapping is not significant in this saline reservoir. 
Three generations of this GCS model have been developed to date.  The first generation (ILB01) modeling results are 
described by [6], while the second generation (ILB02) modeling results are described by [7, 8].  Results from the third 
generation (ILB03) model will be discussed in this paper.  The flow model includes three geologic layers—pre-Mt. 
Simon sandstone, the Mt. Simon Sandstone, and the Eau Claire Formation.  The pre-Mt. Simon sandstone and the Mt. 
Simon Sandstone are described by Freiburg et al. [9] and Leetaru and Freiburg [10].  These authors noted that the Mt. 
Simon is composed of three lithostratigraphic units, with the highest porosity and permeability being found in the 
deepest unit.  Simulations are conducted using XSEDE supercomputer resources because this three-dimensional (3D) 
GCS model is large (>1.2 million elements). For this third generation model, we have revised the geologic model 
(e.g., porosity, permeability, geometry) based on detailed geophysical and core data collected from two GCS wells in 
the center of the Illinois Basin and data from CO2 injection which began in November 2011.  In addition, we revised 
the vertical temperature gradient and the brine salinity within the saline reservoir, which are important for defining 
the initial condition for a GCS model.  Finally, all simulations are conducted under isothermal conditions.   
 
The long-term goals of this numerical modeling effort are to evaluate the migration of injected CO2, to assess the 
pressure changes in this open reservoir in response to future GCS developments, and to improve the model’s input 
data as new geologic and hydrogeologic data become available.  In this paper, we will illustrate the effects of revised 
geologic model and initial conditions on the flow model results, emphasizing the pressure changes predicted with the 
GCS model and the major CO2 trapping mechanisms at the basin scale. 
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2. Input Data 
Numerical models require a great deal of input data.  We will discuss briefly the following input data—3D grid, 
injection well field design, porosity and permeability, parameters for two-phase fluid flow, vertical temperature 
gradient, brine salinity, and boundary conditions. 
 
2.1 Three-Dimensional Grid 
A new 3D grid was developed using mView (www.geofirma.com, Ottawa, ON) and included three geologic layers.  
The deepest layer is a pre-Mt. Simon sandstone, which is overlain by the Mt. Simon Sandstone and the Eau Claire 
Formation.  The vertical layers are set using elevation data from the ISGS Geographic Information System and 
subdivided using geologic data from the Illinois Basin – Decatur Project (IBDP) injection well (CCS 1) [11].  The 
injection zone occurs near the base of the Mt. Simon Sandstone and the Eau Claire Formation is a regional confining 
layer. 
 
The numerical grid for this model is not uniform.  Horizontally, telescopic grid refinement was used, with smaller, 
radial elements near the injection wells and rectangular elements elsewhere (Figure 1). Model elements have areas 
ranging from less than 10 square meters near the injection wells to 100 km2 in the far field (area away from the 
injection wells).  In the vertical direction, the Mt. Simon is discretized with 24 vertical layers.  The pre-Mt. Simon is 
represented as a single layer, while the Eau Claire Formation is represented using four layers.  The grid includes a 
total of 29 layers.  The bottom layer is numbered as 000 and the top layer is 028.  This new numerical grid uses 
1,334,957 elements, which is slightly more than the 1,254,397 elements in the previous generations (ILB01 and 
ILB02). Perhaps the most significant difference between this grid (ILB03) and the previous grid (ILB02) is the 
thickness assigned to each geologic layer. 
 
2.2 Injection Well Field Design 
Preliminary modeling indicated that 40 injection wells would be required to inject 100 million tonnes of CO2 per year 
for the given rock properties and layer thicknesses.  The location of the injection well field (Figure 1) was controlled 
by the injectivity and depth of the Mt. Simon, and a desire to avoid areas with higher seismic risk, areas currently used 
for natural gas storage in the upper Mt. Simon, and areas near the axis of the Tuscola Arch.   Within the bounding 
polygon, the injection wells were located using a MATLAB code, PolyMesher, to maximize the space between the 
wells.  PolyMesher [12] uses polygonal elements and centroidal Voronoi diagrams in its algorithm, which is based on 
the work of Persson and Strang [13].  The spacing between the wells varies from 23 to 30 km (Figure 1). 
 
2.3 Porosity, Permeability, and Two-Phase Flow Parameters 
Numerous rock properties must be specified in TOUGH2-MP.  Based on data from IBDP CCS 1, porosity and 
horizontal and vertical permeability were assigned (Figure 2).  These data were selected after reviewing core data, 
geophysical log data and field-scale numerical modeling results of CO2 injection as described by Frailey et al. [14].  
These rock properties vary in the vertical direction but are homogeneous in the horizontal direction.  The rock 
properties for ILB03 are significantly different than those used in ILB02 and ILB01.  In addition, two-phase flow 
parameters were chosen for the van Genuchten-Mualem relative permeability model for liquid and gas and the van 
Genuchten capillary pressure model (Table 1).   As defined by the van Genuchten-Mualem model, relative 
permeability is a function of an exponent, λ, the liquid residual saturation (Slr), the gas residual saturation (Sgr), and 
the liquid saturation (Sls) [5].  As defined by the van Genuchten model, capillary pressure is a function of an exponent, 
λ, the liquid residual saturation (Slr), capillary entry pressure (P0), Pmax, and the liquid saturation (Sls) [5].  All of these 
parameters are dimensionless except P0 and Pmax which are denoted in Pascals. 
 
Table 1. Relative permeability and capillary pressure parameters assigned for ILB03 geologic layers 
Layer λ Slr Sls Sgr λ Slr P0 (Pa) Pmax (Pa) Sls 
Eau Claire  0.412 0.40 1.0 0.30 0.412 0.03 5.0e+6 1.0e+9 0.999 
Mt. Simon minimum 0.412 0.30 1.0 0.25 0.412 0.00 6.49e+3 5.0e+5 0.999 
Mt. Simon maximum 0.900 0.30 1.0 0.25 0.412 0.00 2.12e+4 5.0e+5 0.999 
Pre-Mt. Simon  0.412 0.40 1.0 0.30 0.412 0.03 1.0e+7 1.0e+9 0.999 
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c)  
 
Figure 1. Numerical grid used for ILB03 GCS modeling in plan view. The numerical grid is overlain on a map showing the ground elevation (a). 
The grid near well 35 (b), which is located in the NE corner of injection well field.  The 3D representation of the base of the Mt. Simon 
Sandstone (layer 001) (c).  
 
 
Figure 2. Porosity and horizontal and vertical permeability assigned in ILB03.  The injection zone is noted by the gray box overlying the porosity 
and permeability plots.  The model includes 29 layers, which are numbered from 0 (bottom) to 28 (top).  In the Layer column, the pink box 
denotes the Eau Claire Formation, the green box denotes the pre-Mt. Simon sediments and the area between these two boxes is occupied by the 
Mt. Simon Sandstone. 
 
2.4 Formation Temperature 
Temperature affects CO2 density and viscosity and is an important parameter for describing the initial condition for 
simulators like TOUGH2-MP.  For the IBDP, two sources of temperature data are available to evaluate the geothermal 
temperature gradient.  IBDP CCS 1 has a DTS (fiber optic) cable that reports temperature from 0 to 1,928 m.  In 
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addition, temperature logs were run in the verification well 1 (VW1) in March and July 2012 and have similar 
temperature data below a depth of approximately 200 m (Figure 3).  This plot also contains two best fit lines that were 
estimated using the CCS 1 data-- linear (R2= 0.980) and second-order polynomial (R2= 0.995) functions.  The linear 
equation underestimates the actual temperature at the top of the Mt. Simon (depth of approximately 1,700 m) and 
overestimates temperatures for depths of 300 to 1,250 m.  While the polynomial fit has an excellent R2 for the range 
of data modeled, it is not realistic if extended to greater depths, showing substantially cooler temperatures at depths 
exceeding 3,300 m. Because this GCS model includes depths exceeding 4,400 m, the linear function was adopted for 
the temperature gradient. It shows a temperature gradient of 18.9°C per 1,000 m, which is more than two times greater 
than the gradient (9.2°C per 1,000 m) used in previous generations of this basin scale model (ILB01 and ILB02).   
 
2.5 Brine Salinity 
Brine salinity affects CO2 solubility and brine density and is another important parameter for defining the initial 
condition in GCS models.  The brine salinity within the Mt. Simon Sandstone in Illinois and Indiana was recently 
revised [15].  As shown in Figure 4, the new brine salinity map has a more complex distribution of total dissolved 
solids (TDS) than the previous TDS map [16].   The brine salinity was assumed to be uniform in the vertical direction. 
 
2.6 Boundary Conditions 
The upper and lower boundaries of the GCS model are no-flow boundaries.  The side boundaries are constant head 
boundaries.  
  
3. Modeling Results 
The modeling results of interest include the distribution of supercritical CO2 (scCO2) as a function of time and space 
and the pressure changes due to scCO2 injection or ΔP.  Maps and cross-sections will be used to display the distribution 
of ΔP and scCO2 over time.  Mass balance data will also shed light on the long-term distribution of scCO2 between 
the free phase or supercritical state and CO2 that dissolves into the native brine.  The simulations for ILB03 covered 
a total period of 5,000 years, with CO2 injection occurring during the first 50 years and a post-injection period of 4,950 
years.  scCO2 was injected into 40 injection wells at a total rate of 100 million tonnes per year. 
 
 
 
 
Figure 3.  Temperature gradient data, including data from IBDP CCS 1 and VW 1 with a linear and polynomial fit. 
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a)  
 
b)  
 
Figure 4.  Brine salinity within the Mt. Simon Sandstone in and around the Illinois Basin: the 2014 map (a, [15]) and the 2005 map (b, [16]) 
 
Plots of scCO2 show the growth of the scCO2 plume during the injection and post-injection periods (Figure 5).  The 
plan view shows the expansion of the scCO2 plumes horizontally in the upper injection zone (layer 002) during the 
injection period, with little or no growth in these plumes between 100 to 5,000 years.  The cross-section through well 
19 shows the expansion of the scCO2 is primarily vertical in the post-injection period.  These results show the 
following: 
x scCO2 plumes persist to the end of the simulation (5,000 years) 
x scCO2 plumes remain separate and do not grow together 
x scCO2 plumes are affected by formation dip (plumes move updip and have asymmetric shapes) 
x scCO2 plumes remain within the Mt. Simon, well below the base of the Eau Claire (caprock).   
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Figure 5. Maps and cross-sections of scCO2 distribution in ILB03 over time. Simulations shows results for 10, 50, 100 and 5,000 years.  CO2 was 
injected during years 0 through 50.  The plan view shows scCO2 in the top injection zone (Layer 002) for all 40 injection wells, while the cross-
section shows the scCO2 for well 19 (well in black box). 
 
The mass balance data reveal that scCO2 enters layers 001 and 002 and remains at fully saturated levels within those 
layers until approximately 1,100 years (Figure 6).  At this time, brine apparently replaces the scCO2 as the scCO2 
moves upward due to buoyant forces. These data also show the arrival of scCO2 into layers 003, 004, and 005 during 
the first year of injection, but scCO2 takes much longer to migrate into layers 009 and 011.  Note that no scCO2 enters 
layer 012 by end of the simulation.  A small amount of scCO2 enters the pre-Mt. Simon sandstone (layer 000) during 
the injection period.  The mass balance data also show the distribution of scCO2 and dissolved CO2 over time (Figure 
7).  The amount of CO2 that dissolves into the brine is very high at early time (<1 yr), decreases to 10% during the 
injection period and then gradually increases to 15% by the end of the simulation. 
 
At the end of the simulation (5,000 years), 15% of the CO2 had dissolved into the brine, leaving 85% of the CO2 as a 
separate phase.  Some of this CO2 may be trapped in pores as brine displaces the scCO2 (i.e., capillary or residual 
trapping).  In the model, the residual gas saturation (Sgr) was set at 0.25.  Figure 7 shows the saturation in layers 001, 
002, and 003 exceeds 0.95 during the injection period and then drops to approximately 0.25 after 1,100 years, 
indicating that the scCO2 in these layers is immobile due to residual trapping.  The CO2 mass trapped in these three 
layers at the end of the simulation is 2.81x1012 kg or 56.2% of the scCO2 injected.  At the end of the 5,000 year 
simulation period, 15.0% of the injected CO2 dissolved into the brine, 56.2% of the injected CO2 is an immobile fluid 
(trapped by residual trapping in layers 001, 002, and 003), and 28.8% of the injected CO2 remains a mobile fluid. 
 
The mass balance data reveal that the average CO2 density, defined by total CO2 mass divided by CO2 volume, was 
850 kg/m3 at the end of the injection period.  For the ILB02 simulation, the average CO2 gas density was 935 kg/m3 
at the same time.  The lower density in the ILB03 simulation is likely due to the warmer formation temperature used 
for the ILB03 initial condition discussed above. 
 
Pressure changes near the injection wells are rapid and significant as seen in Figure 8, which shows the change in 
pressure over time at two injection wells. The pressure change jumps to 12 MPa (1,740 psi) in less than 0.2 years 
after injection starts, fluctuates for some time and then drops exponentially to zero after the injection 
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Figure 6. Distribution of maximum scCO2 saturation by geologic layer and time. 
 
 
Figure 7.  Mass of CO2 (Total, scCO2 & dissolved) as a function of time and the fraction of CO2 as free-phase scCO2 or dissolved CO2 as a 
function of time for the entire model. 
 
Figure 8. Pressure change predicted for the injection zone for two wells (well 1 and 12) as a function of time.  The dashed gray line denotes the 
end of the CO2 injection period (50 years). 
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ceases at 50 years.  The pressure fluctuations between 0.1 and 1 year vary from 0.6 to 0.9 MPa (87 to 130 psi) and 
may be due to capillary pressure effects (Pmax= 0.50 MPa).  The pressure changes for the vertical sequence at well 1, 
from layer 000 to layer 027, are shown in Figure 9.  The pressure changes in layers 001, 002, and 003 are similar.  
CO2 is injected in layers 001 and 002.  The pressure changes in the pre-Mt. Simon layer (000) start out low but 
eventually build to the same pressure as layer 001.  The pressure changes in other Mt. Simon layers (005 through 023) 
show a slower increase, with longer delays for the higher layers.  The pressure changes in the Eau Claire layers (025 
and 027) are much lower and have longer delays, but have a pattern similar to the upper Mt. Simon layers.  The 
maximum pressure change in the Eau Claire layers is approximately 3 MPa (435 psi). 
 
At the basin scale, the pressure changes predicted in layer 002 (upper injection zone) and layer 024 (uppermost Mt. 
Simon layer) at the end of the injection period (50 years) are shown in Figure 10.  At the end of the injection period, 
ΔP in layer 002 (maximum ΔP= 13.7 MPa and average ΔP= 2.6 MPa) is significantly greater than that predicted for 
layer 024 (maximum ΔP= 5.7 MPa and average ΔP= 1.9 MPa).  This figure also shows that the pressure changes vary 
slightly from well to well and the pressure changes from single wells extend out to their neighbors.  Overall, the 
pressure changes greater than 69 kPa (10 psi) are generally restricted to the area outlined by the dashed magenta line, 
which is 30 km away from the injection zone.   
 
4. Summary 
A basin-scale GCS model for the Mt. Simon Sandstone in the Illinois Basin has been improved with the addition of 
new data for the vertical temperature gradient and brine salinity and a revision of the geologic model.  Modeling 
results to 5,000 years indicate that a significant amount of CO2 (100 million tonnes injected per year for 50 years) can 
be injected and permanently stored.  The injected CO2 remains well below the caprock and 56% of the injected CO2 
is trapped in the Mt. Simon via residual trapping.  Another 15% of the injected CO2 dissolves into the Mt. Simon 
brine, while 29% remains as a mobile, supercritical fluid.   
 
Significant pressure increases are predicted near each of the 40 injection wells.  These pressure increases extend 
through the vertical sequence modeled from the pre-Mt. Simon through the Eau Claire Formation.  The maximum 
 
 
Figure 9. Pressure change predicted along a vertical sequence at an injection well (well 1). The vertical sequence starts with layer 000 and goes 
up to layer 027. The dashed gray line denotes the end of the CO2 injection period (50 years). 
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Figure 10. ΔP in the upper injection zone (layer 002) (a) and top of the Mt. Simon (layer 024) (b) at the end of the injection period.  The ΔP color 
scale ranges from 69 kPa (10 psi) to 14.5 MPa (2,100 psi) 
 
pressure change is observed at the end of the injection period and the pressure drops off rapidly after injection ceases. 
The maximum pressure change was 14.6 MPa (2,120 psi) for the pre-Mt. Simon, 13.7 MPa (1,990 psi) for the Mt. 
Simon, and 3 MPa (435 psi) for the Eau Claire layers.  These pressure changes drop off rapidly away from the injection 
well field.  For example, pressure increases 30 km north of the injection well field were predicted to be less than 69 
kPa (10 psi). 
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